Introduction
The majority of colorectal cancers (CRCs) develop as sporadic disease, with incidence increasing with age. 1 The fraction of patients assumed to have an increased genetic risk accounts for 20-30% of all CRC cases, and early onset of disease is one indication of genetic predisposition. 2 However, less than 5% of the cases can be ascribed to known hereditary cancer syndromes, such as familial adenomatous polyposis and Lynch syndrome, with germline mutations in high-penetrance genes (APC and DNA mismatch-repair genes, respectively). 3 Different strategies such as genetic linkage analysis, 4 DNA copy-number analysis, 5 gene expression analysis 6 and genome-wide association studies have been used to identify genetic factors that may predispose patients to cancer. 7 Interesting candidate genes have been highlighted, but the causal genetic variants underlying the increased risk remain to be identified. Recently, we identified novel CRC susceptibility loci containing potential oncogenes and tumor-suppressor genes by high-resolution microarray-based comparative genomic hybridization. 8 There have also been some attempts to reveal low-penetrance variants within genes that are already known to cause inherited CRC syndromes, focusing on genes in the DNA-repair pathway.
Transcriptome analyses using microarray technology combined with different analytical approaches have been shown as a powerful strategy in the identification of genes that are associated with cancer development and progression, and to identify patterns related to clinical subgroups. [11] [12] [13] These data, in combination with advanced bioinformatic tools, have the potential to reveal changes in molecular pathways and to identify coherent expression of genes located in the same chromosomal region, in addition to single-gene expression differences. In the present study, we investigate the transcriptional differences between a potential genetic risk group of early-onset CRCs with no known hereditary cancer disease and a group of sporadic CRCs diagnosed at an older age.
Results
Characterization of the sample set and accompanying gene expression data On using the most differentially expressed genes within the whole data set for a principal component analysis, the sample plot showed a mixed distribution of earlyand late-onset tumors. The four normal colonic mucosa samples clustered together, distinct from the tumor samples ( Figure 1a ). Unsupervised hierarchical cluster analysis, using the same selection of differentially expressed genes, confirmed that the overall gene expression signatures were not distinct, neither between the different sample groups nor with regard to clinical parameters ( Figure 1b) .
The most differentially expressed genes between the cancer samples as a group and the normal colonic mucosa samples were further compared to published gene lists of similar comparisons.
14,15 A number of commonly reported genes with differential expression in cancer, regardless of age group, versus normal colonic mucosa, such as TGFB1, CA2 and MALL, were in compliance with the results from our data (Supplementary Table 2 ), thus validating that the studied carcinomas were representative of CRC samples in general.
Differentially expressed genes between early-and late-onset CRC Two genes, CLC and IFNAR1, had statistically significant differential expression between the early-and late-onset CRCs (Significance Analysis of Microarrays (SAM) analysis, qo0.001). CLC had a 410-fold higher mean expression in the tumors from the early-onset group of patients as compared with that in the late-onset group, whereas the mean expression of IFNAR1 in the earlyonset group was 71% of that of the late-onset group. The gene expression of CLC and IFNAR1 was validated by quantitative real-time reverse transcription-PCR and the expression differences between the early-and late-onset samples were reproduced with correlation coefficients for the gene expression values from the two analyses at 0.78 (Po0.0001) for CLC and 0.52 (P ¼ 0.0008) for IFNAR1 ( Figure 2) .
Additional potential candidate genes, even though they were not statistically significant, were identified based on their d-score and fold-change values from SAM. Twenty-three genes were identified with a higher expression in the early-onset group as compared with that in the late-onset group using the following selection criteria: d-score or fold change 42.0, or genes with both a d-score and a fold change 41.5 (Table 1) . Four of these genes, CLC, CRI2, TBC1D17 and XRCC1, are localized within chromosome band 19q13 (including 19q13. 1, 19q13.2 and 19q13.33) and three genes are encoded within the mitochondrial genome. The inverse criteria were used to select genes with a reduced expression in the early-onset group, d-score oÀ2.0 and fold change o0.5, or d-score oÀ1.5 combined with fold change o0.67, and altogether 10 genes were identified (Table 1 ). The expression differences of the identified genes in the samples from the early-and late-onset CRCs, and from the normal colonic mucosa samples, are presented in Figure 3 . The 50 most differentially expressed genes, both on the high and on the low end for tumors from the early-as compared with the late-onset groups, are listed in Supplementary Tables 3 and 4 .
In silico analysis reveals a different immune response between early-and late-onset CRC The top higher and lower differentially expressed genes in the early-versus late-onset group, CLC and IFNAR1, respectively, are highly immune relevant and prompted us to examine the immune component in larger detail. 16, 17 For that reason, we performed a text-mining method that profiles the global immune information content of genes from the whole of Medline. 18 Using this approach, an immune information score was assigned to the differentially expressed genes between the two groups. This resulted in the detection of a differential immune response between early-versus late-onset CRC in that there was a significant trend toward genes that had high immune relevance and increased expression in the early-onset patients as compared with that in the lateonset patients (Table 2 ). In addition, this in silico analysis showed that increased immune information content was associated with more severe tumor stages. This trend was independent of age of onset and particularly prominent for lower-expressed genes in stage I CRC (Table 2 ). In order to provide some understanding of the related mechanisms behind the differential immune response between the early-and late-onset groups, networks of protein-protein interactions were generated around the CLC and IFNAR1 genes (Figures 4a and b) . Only interaction partners that were differentially expressed between the early-and late-onset groups were allowed as partners in the networks.
Genomic regions enriched for gene expression differences between early-and late-onset CRC
The gene set enrichment analysis method was used to detect genes with coordinately higher or lower expression encoded in the same chromosome bands (Supplementary Table 5 Table 5 ).
Identification of genes differentially expressed in a subset of the early-onset tumors The highest-scoring genes resulting from the outlier analyses based on the 90th and 75th percentiles were partly overlapping (six out of the top 10 genes), as was also the case when comparing the results from the 25th and 10th percentiles (five out of 10 genes). By inspecting the expression plots of these top-scoring genes, it was observed that the most distinct outlier profiles in general resulted from analyses based on the 90th and 10th percentiles. The outlier expression profiles of the two highest-scoring genes/loci (H3F3A and FLJ20323; hCG1820938.2 and DNAJC8) from each of these percentiles are shown in Figure 5 , and the 10 genes with the highest scores from both the high and the low ends are presented in Table 3 (extended gene lists in Supplementary Tables 6 and 7) . Four out of these 20 genes encode ribosomal proteins, three of which showed lower expression levels in subsets of early-onset patients and one had higher expression level.
Discussion
There is a vast amount of published data on the genetics and epigenetics of CRC, 19 but in addition to molecular changes, environmental factors contribute to tumor initiation and progression to a varying extent. 20 The Figure 3 Differentially expressed genes between early-and late-onset CRCs. The gene expression differences of the top-scoring genes identified by SAM analysis are visualized here by a heatmap. Within each of the two sets of genes (higher and lower expressed in the earlyonset CRCs), genes are clustered for improved visualization. distinctions between development of familial CRC with no known hereditary cancer syndrome association and sporadic CRC are not completely understood. One could expect that tumors arising at an early age are more likely to be influenced by the patient's germline genotype. In the present study, somatic gene expression differences have been identified, potentially reflecting cancer development in a predisposition context, in a group of patients clinically characterized by early-onset CRC and with no known hereditary cancer syndrome. Initial analyses of the data showed that the total sample set appears as a homogenous group, which is an advantage when searching for small, and yet undiscovered, gene expression variation in a group of patients diagnosed at an early age. Furthermore, differentially expressed genes between cancerous and normal tissue were clearly in agreement with consistently reported genes. 14, 15 To the best of our knowledge, there have been no studies published focusing on the transcriptome differences in tumors from early-onset CRC patients in order to identify novel CRC susceptibility genes. Relevant to our study, Hong et al. 6 have reported gene expression differences in early-onset CRC patients by comparing their normal colonic mucosa with normal colonic mucosa from healthy individuals, and identified a susceptibility gene set for early-onset CRC. Six of these seven genes were present in our data set; however, none of them were differentially expressed between the tumors from earlyand late-onset patients.
Significance analysis using strict multiple testing corrections showed two genes with discriminating Figure 4 Protein interaction network analysis of (a) CLC and (b) IFNAR1. The genes are color-coded in blue according to their amount of immunological information in Medline. 37 Genes with a decreased expression in the comparison are shaped as diamond squares with green borders, and those with increased expression are shaped as circles with red borders. The networks have been visualized by using the Cytoscape software. expression differences between the early-and late-onset tumors, namely CLC and IFNAR1. Additional genes have also been considered as potentially interesting, although they did not reach statistical significance. CLC was the most differentially expressed gene, with a 10-fold higher expression in the early-versus late-onset tumors. It is known to be expressed primarily in eosinophils and basophils, and the level of CLC protein has been found to be correlated with eosinophil density in inflammation. 16 The gene shows sequence similarities with members of the galectin family and is also known as galectin-10. 21 Although the function of CLC is not known in detail, the altered expression level and distribution pattern of different galectins are suggested to act as important modulators of tumor progression in general, as well as in CRC. 22, 23 IFNAR1, showing significantly lower expression in the early-versus late-onset tumors, encodes an interferon (IFN) receptor that mediates signal transduction upon binding of type-I IFNs. Because of its effect on tumor cells, IFNs are widely used in the immunotherapy of different cancer types. 24 The IFN signaling pathway is involved in a diversity of biological processes and induces antiviral, antiproliferative and immunological responses through activation of the JAK-STAT signaling pathway. 25 Dysregulated STAT-mediated gene transcription is associated with oncogenesis, emphasizing the importance of a proper regulation of this pathway. 26 Interestingly, the present data show that IFNAR1 has a more restricted activation in early-onset as compared with that in late-onset CRC. The expression levels for several of the genes with a lower expression in the earlyonset group were similar to the expression levels seen within the normal colonic mucosa (Figure 3) . It was beyond the scope of this study to illuminate whether this restricted activation in the early-onset CRCs is due to selection of different molecular pathways in the earlyand late-onset groups during tumorigenesis, or whether it is caused by genetic alteration or regulatory changes.
Our detection of a global immune difference among the differentially expressed genes between early and late onset is interesting. The immune system changes during aging and becomes less effective, and, together with an accumulation of genetic and epigenetic changes, contributes to the increase of cancer incidences among elderly people. Immunity in cancer is two-sided, as inflammatory conditions can be tumor-promoting, as also shown in CRC, or the cancer activates an inflammatory response that restrains the tumor progression. 27 We have no indication of any inflammatory condition prior to CRC diagnosis leading to an elevated cancer risk within the early-onset sample group, although this cannot be excluded. If the increased immune content is associated to age, this supports the hypothesis of the existence of underlying genetic alteration causing an early onset of disease. There is increasing evidence of immune signatures as prognostic factors in CRC, 28 and a consequence of our observation could be a better prognosis among the early-onset patients. However, our data showed an association between an increase of genes The 10 genes with the highest (90th percentile) and lowest (10th percentile) percentile score are presented. Gene expression in early-onset CRC TH Ågesen et al associated with immune response and a more severe tumor stage. In addition to CLC, CRI2, TBC1D17 and XRCC1 also showed higher expression in the early-onset group than in the late-onset group (Table 1) , as well as in comparison with the normal colonic mucosa (Figure 3 ). These are all located within the same chromosome band, 19q13. Interestingly, the sub-band 19q13.1 has by a genomewide association study been highlighted as potentially carrying a susceptibility locus for CRC. 29 Although the individual top-scoring genes highlighted in this study are megabases away from this identified susceptibility locus, chromosomal sub-bands at 19q13 were identified among the most significantly enriched regions for differentially expressed genes in early-versus late-onset CRC. The enriched regions can potentially indicate genomic copy-number changes or long-range regulatory mechanisms. Array comparative genomic hybridization data available from the same patients as analyzed in the present study confirmed that the locus containing CLC has frequent DNA copy-number gain in CRC, and preferentially in early-onset tumors. 8 After CLC, ITLN1 had the second highest fold change when comparing early-and late-onset tumors. Interestingly, a recent study identified variants of ITLN1 as susceptibility loci to Crohn's disease. 30 Compared with the normal colonic mucosa, a higher expression of ITLN1 was in general seen in tumors from the early-onset group, whereas the late-onset group showed a lower ITLN1 expression.
A challenge in the search for predisposing genetic changes is the heterogeneity within the group of earlyonset cancers. This may be due to both the existence of different predisposition types, and also due to inclusion of patients with sporadic disease, who accidentally have developed cancer at a young age. Outlier statistics has the potential to identify subgroups within a defined group. Here, we used this statistical approach to identify gene expression changes, which are only present within a few early-onset CRC samples. This analysis revealed transcriptional differences of several genes, including H3F3A, a member of the histone H3 family that, in association with other histones, is involved in transcriptional regulation. Further, four ribosomal protein-coding genes (RPL18A, RPL7A, RPL29 and RPS6) were found differentially expressed within subgroups of early-onset CRC. As ribosomes are the main players in protein synthesis, they are consequently important regulators of cell proliferation and growth. The defects in ribosome biogenesis have been shown to increase susceptibility to cancer in several inherited genetic disorders. 31 In conclusion, several genes have been identified with expression differences between cancer tissues obtained from early-and late-onset CRC patients. These two groups were similar at the overall gene expression level, providing additional support to the importance of the discriminated genes in the development of CRC within a genetic susceptibility context.
Materials and methods

Patients and tumor samples
The CRC patients included in the present study had all undergone primary surgery at hospitals located in the South East region of Norway. Twenty-four patients were diagnosed at a young age (mean, 43 years; range, 28-53 years), referred to as the early-onset group. They were excluded from the HNPCC and familial adenomatous polyposis syndromes by clinical criteria and no other cancer syndromes were recorded for these patients. The second group consisted of 17 patients with primary diagnosis at old age (mean, 79 years; range, 69-87 years), referred to as the late-onset group. The samples from the late-onset group were selected to reflect the composition of the early-onset group with respect to gender, tumor localization and tumor stage according to The International Union Against Cancer/American Joint Committee on Cancer. Microsatellite instability status was analyzed previously in all samples to eliminate the potential risk of including patients with inherited DNA-repair deficiencies. 8 A summary of clinical data related to the two groups of early-and late-onset CRC is provided in Supplementary Table 1. Normal colonic mucosa was taken from disease-free areas distant to the primary tumors of four CRC patients from the late-onset group (mean, 78 years; range, 66-83 years). Two of these samples had the corresponding primary tumor analyzed.
Tumor tissues and normal colonic mucosa from the late-onset group were snap-frozen in liquid nitrogen before storage at À80 1C. Samples from the early-onset group were transferred to the RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany), followed by removal of the RNAlater liquid and long-term storage at À80 1C. In addition, a tissue section in close proximity to the specimen used for RNA extraction was evaluated by a pathologist for tumor cell content and quality of the tissue. This procedure was limited to include tissue from the late-onset patients. Owing to change in tissue properties after storage in RNAlater, histological reevaluation was not possible for the samples from the early-onset group.
RNA from fresh frozen tumor tissue samples was extracted by using the AllPrep DNA/RNA Mini Kit (Qiagen) and RNA from normal colonic mucosa was isolated by using the Ambion RiboPure kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturers' protocols. RNA was quantified by UV spectroscopy (NanoDrop ND-1000; Thermo Fisher Scientific, Waltham, MA, USA) and quality was assessed by using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All RNA samples included in the downstream analyses had RNA integrity values above 8.
Written informed consent was obtained from all subjects included. The research biobanks have been registered according to national legislation and the study has been approved by the Regional Committee Gene expression microarray procedure Tumor samples were randomized prior to gene expression analyses. Gene expression analysis was performed by using the Applied Biosystems 1700 microarray platform and the Human Genome Survey Microarray V2.0 containing 32 878 unique 60-mer oligonucleotide probes (Applied Biosystems). A 1-mg of total RNA was amplified and converted to digoxigenin-labeled cRNA by using the NanoAmp RT-IVT Labeling kit (Applied Biosystems) in accordance with the manufacturer's protocol. The Chemiluminescent Detection kit (Applied Biosystems) was used for the preparation of labeled cRNA, and hybridization and washing solutions. Both digoxigenin-UTP and the anti-digoxigenin -AP were provided by Roche Diagnostics (Mannheim, Germany). Digoxigeninlabeled probes were hybridized to the microarrays overnight (16 h) at 55 1C and chemiluminescence signals were detected by using AB1700 Chemiluminescent Microarray Analyzer (Applied Biosystems). Image preparation, signal intensity quantification and initial analysis were performed by using the accompanying software from Applied Biosystems (version 1.1.1) using default settings.
Analysis of microarray data
The Bioconductor package ABarray (Applied Biosystems) was used for quality assessment and to generate quantile-normalized data (http://bioconductor.org/ packages/1.9/bioc/html/ABarray.html). Only probes for which the normalized signals were more than three standard deviations greater than the local background levels, in at least half of the samples, were included in the downstream data analyses. Values with low quality scores (flag code 48191) were noted as missing, as recommended by the vendor. The remaining missing values were imputed by the K-nearest neighbor algorithm (k ¼ 10) by using the Microsoft Excel add-in Significance Analysis of Microarrays (SAM, version 3.09; http://stat.stanford.edu/~tibs/SAM/). Genes that initially had flagged probes in more than 10% of the samples were removed and not applied to the downstream analyses. For each probe, the gene expression values were centered over the median across all the samples. A batch variation was seen in the data set and by using SAM analysis the 320 most affected probes were identified and removed from further analyses. The resulting data set included 17 085 probes. The features were annotated according to the latest information provided by the manufacturer ('20060930_ab1700_human.txt'; downloaded from the Panther website; http://www .pantherdb.org/). Genes presented in this paper, which were not annotated by gene name or function in the microarray annotation file, were submitted to the Basic Local Alignment Search Tool (BLAST) from The National Centre for Biotechnology Information by using the corresponding oligo sequences and RNA reference sequences as target database (http://blast.ncbi.nlm.nih. gov/Blast.cgi).
Raw data are publicly available in the GEO database (accession number GSE25071).
Sample characteristics. To illustrate the relationship between individual samples, principal component analysis and hierarchical cluster analysis (Euclidean distance metrics; average linkage clustering) were performed with inclusion of gene expression values from the 1350 probes with the largest ranges between the lowest and the highest expression values. Both analyses were performed in J-express (J-express pro, version 2.9; MolMine, Bergen, Norway).
Differences between cancer and normal samples. Differentially expressed genes between CRC and normal colonic mucosa were identified by SAM (t-statistics on median-centered probe values). To illustrate expression differences in tumor and normal colonic mucosa, a heatmap was generated by using MultiExperiment Viewer (MeV, version 4.5.1; http://www.tm4.org/mev).
Differences between early-and late-onset cancer. Two approaches were used to identify gene expression differences between the two groups of patients. First, SAM analysis, using Wilcoxon statistics on mediancentered probe values, were performed to identify genes whose expression was generally different between the two sample groups. Second, an outlier analysis was used to detect gene expression differences, which are present in only a fraction of the samples in the early-onset group. The statistical approach was in essence similar to the one described by Tomlins et al. 32 Here, the late-onset samples were used as a reference group, and for each gene, the median log 2 value and the variance across these samples were calculated. Subsequently, expression values from the normal colonic mucosa samples and the early-and late-onset samples were centered over this median value and variation was standardized by dividing by the variance in the late-onset samples. As measures for outlier expression, the 90th, 75th, 25th and 10th percentiles from the early-onset group were calculated. Finally, we excluded genes for which any of the normal samples had values exceeding the percentile scores.
Immune scoring of cancer gene expression. To assign immune associations to the differentially expressed genes, we used a recent method that profiles the global immune information content of genes from the whole of Medline. The details of this method are outlined in Clancy et al. 18 Briefly, it integrates manual curation of relevant immune terms, text mining of the Medline database and a scoring procedure that applies information theory to assign an immune information score to every human gene. The immune information score was then used to create a composite immune and gene expression value. In this process, each probe signal intensity measurement was assigned a fold change relative to that probe's mean signal intensity across all samples and used to create a weighted composite signal intensity and immune information score for each gene. This weighted composite score for each gene was then summated across all genes for each patient to generate a weighted immune score for each patient. These scores were then compared to the clinical annotations (age at onset and stage) to find correlations between the weighted immune score and the clinical phenotypes. For statistical analysis of these comparisons, Monte Carlo simulations with 10 000 draws were used to create a null distribution for each comparison. Pearson's correlation was used for phenotypes with a numerical descriptive.
Protein interaction network analysis. A protein interaction network was generated around IFNAR1 from an integrated set of three different protein interaction databases. [33] [34] [35] For the CLC network, the highest-ranked interactions were retrieved from a resource that integrates the protein interaction phrases from the Biomolecular Interaction Network Database and their co-citations with gene names in the same sentence from the over 20 million abstracts in Medline. 36, 37 A gene has a connection to a neighboring gene in both networks only if the
